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AIRFOILS WITH INTERWL FINS 4iBDMRTITIOHS

By V“on H. Gray

effect of modifying the gas passage of hollow metal air-
the addition of titernal“finsand partitions was experi-
investigated and comparisons were made among a basic
airfoil section @ two airfoil designs luvnlngmetal fins
at the leading edge of the internal gas passage. An anal-

ysis considering the effects of heat conductim in the airfoil
metal was made to determine the internal modification effectiveness
that ~ be obtained in gas-heated campcments, such as turbojet-
inlet guide vanes, support struts, hollow propeller blades, and
thin wings.

Over a wide range of heated-gas flow &d tunnel-air velocity,
the increase in surfaoe-heatingrates with internal finning was
marked (up to 3.5 times), with the greatest increase occurring at
the leading edge where anti-ic~ heat requirements are most criti-
cal. Variations in the &nount and the locatim of internal finning
and partitioning provided control over the local rates of surface
heat trmsfer and permitted efficient anti-icing utilizatim of
the gas-stream heat content.

moDuccIoIv

Surface-ice prevention by the use of hot gas flowing through
hollow airfoil shapes has long been considered because of advan-
tages in weight.,simplicity, availability of Qeating medium, and
durability of Installation. Use of the hot--s method of emti-
icing has been restricted, however, partly because of difficulty
in controlling the rate of heat dissipation over the chordal and
spmwise extent of the airfoil. A ‘facilityfor concentrating the
flow of heat toward the leading-edge surfaces, where the heat
requtiement for mti-icing is greatest, baa been lacking. This
deficiency has been =1-ytically and experimentally observed @ ‘
is rep-ad in references 1 to .5.
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2 NACA TN 2126

An investigatiauwas conducted at the NAM Lads laboratory
to evaluate by experimental comparisons the effect of internal
fti and pertiticms on the anti-icing qualities of gas-heated
airfoil sections, applicable to such components as turbojet-
inlet guide vanes, support struts, propeller blades, and thin wings
Heat-transfer investi@tions were made in a two-dimensional duct
tunnel on two desigas of finned airfoil sections as compared with
an unfinned section. Tncreases in airfoil surface temperatures
above tunnel-air temperatures were measured for various rates of
gas heating, for immersion in both dry and wet air streams, and
at airspeeds up to 300 miles per hour. Because of simpler and more
accurate experimental procedures, most of the data presented are
for dry air. The results o%tained for dry air were applied to
anti-icing performance by use of the wet-air analysis given in
reference 1. The three airfoil sections were analyzed to evaluate
the important effects of heat cmduction in the metal and the vari-
ations of convective heat-transfer rates in spanwise and chordwise
directions. Surface-heating improvement faotors are presented for
two modified airfoil sectims as compared with the original air-
foil section.

APPARATUS AND A.IRFOILS

Estallation

The duct tunnel used for the gas-heating investigations is
shown in figure 1. Atmospheric air was induced through the tunnel
by suction tiom a centrifugal blower. The transparent test section
measured 2 by 20 inches.

The airfoil sections were mounted in the center of the test
section, as shown in figure 2. The hot-gas supply for the models
was ducted through a rectangul@ diffuser, the approach section,
the model airfoil section, and the exit section. Contours of the
approach section, the exit section, and the openings in the insu-
lated side plates approximately matched the internal passage
through the unfinned airfoil section. 511 differences in the
contours and slight misaltiement of the asseniblyresulted, however,
with attendent disturbances to the internal-flowboundary-layer
c~acteristics. The hot gas was supplted from a canpressed-air
system and was piped through a calibrated orifice, a regukt~
valve, an elec*ric heat=, and then througha duct to the diffuser
and the models.

..- . . — —~—. .—--
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Above-freezhg cloud conditionswere simukted in the tumel
by the use of a water-spray nozzle located at the tunnel inlet.
Calibrations of the nozzle tidicatedthat average cloud conditions
at the tumnel center line just ahead of the models were approxi-
mately as folluws: volume-median droplet diameter, 15 to 20 microns;
liquid-water content at 275 miles per hour, 1.3 _ per cubic
meter; liquid-water cmxtent at 100 mtles per
cubic meter.

Airfoil sections

ho&, 1.7 grams per

Ibtails and dimensions of the three airfoil sections investi-
gated are presented h figure 3 and table I. An-NACA 0012 symmet-
rical airfoil secticm was selected for tivestigationbecause it is
a basic shape about which other icing information is known and may
be considered samewhat representative of propeller-blade sections,
struts, w5ngs, and the fore part of tuxzdng vanes.

Airfoil section A is a hollow steel section withan insulating
partitim starting at 0.46 chord. Section B is the same as section A,
with the addition of two sheet-metal fins that are attached to the
leading edge. Section C has shorter and thicker fins that =e tapered
toward the tips and an enl=ged center partition to reduce the gas-
flow-passage srea. When the airfoil is assembled with the tunnel
s:de walls, the hollow region behind the partition beccmes a dead-
air chamber.

Mstrumentation

Surface-temperaturethermocouples were installed on the sec-
tions in 16 locaticxm (fig. 3). One metal temperature thermocouple
was located at the leading edge of the internal passage of each
section and me thermocouple was tistalled at the tip of one fin
of both fimned sections. The tunnel-air tempemture was measured
at the tunnel Wet and two fixed gas-temperaturerakes of four
bare thermocouples each were located on the es-passage center
lime (fig. 2).

&n-constantan thermocouple junctions were spot-welded to
the airfoil metal surfaces. The leads were rolled to a thickness
of approximately 0.003 inch and attached to and insulated ticm
the metal by a thin coating of cement. ~om the junctions, the
leads etimded to correspondingholes tithe side wall.(fig. 2).

,

-. ---- ..—. .—.— -—.. .—— ..—. . .—-..——— ——— -—-----



——

4 NWA TN 2126

The total protrusion of themmcouples and leads above the metal
surface was approximately 0.007 inoh. 5e installationswere
faired into the airfoil contour as much as possible and an effort
was made to keep the metal surfaces clean.

Eamuch as all the m~els were symmetrical and
of attack, the upper and lower surface thermocouples
neerly the ssme temperature patterns and served as a
infltrummltation.

.
‘ 2~ COTmDEMrIolas

at zero angle
melded very
check on the

Thermocouple Attachment and Surface Coating

Gas-heated airfoils are difficult to provide with accurate
surface-temperatureinstrmmtatim. If the thermocouple junc-
tion ad adjacent leads protrude into either thb”air or hot-gas
stream, an appreciable error q be introduced by heat conduction
along the leads. Projecting leads can also seriously disturb the
stresm-flow characteristics,such as causing transition to turbu-
lent flow in the air stieam and blockage to the ~-strea fluw.
Even if the thermocouple leads were fully enibeddedbeneath the
surface, their tunnels in the thin metal sldn would stilJ con-
stittie heat barriers disruptive to the nomal sldn-temperature
gradients. By simpler means, the instrumnt,ation may be com-
pletely covered with a smooth mace coating, such as paint,
that wilJ.ndnimize most of the aforementioned dif$icul%ies. Unfort-
unately, the temperature gradient through the stiace ooattig is
introduced as a new problem. Such a cbating rmoves the thermocouple
f2am the exposed surface and leaves doubt as to the actual surface
temperature.

b order to obtain a measure of these surface-temperature “
errors, a prelimimm?y comparisonwas made under the same fluw and
heating mmiitions between section A ‘withbqre instrumentation,
as previously described, and with the same ~nted section ‘
externally coated with airtzrafk primer md a final coat of bbck
lacquer so that no surface 3rregul=ities rematied. The paint
thickness was apprmimately 0.010 inch, which was sufficient to
cover the thermocouplesby about 0.003 inch. This paint coating
is similar in application to that of many propellers and wings in
use and has also bqen used in pretious icing investigations.

l-l
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The effect of the paint coating is illustrated in figure 4j
where the chordwise variation of surface-temperaturerise-above
dry tunnel-air temperature is plotted for the bare and painted
spction A at two flow conditions. The painted airfoil indicated
the higher surface temperatures; the greatest increase over the
bare model oocurred at the leading edge and at the highest values
of gas flow and air velocity investigated. The greatest and
smallest differences in stagnation-pointtaperatures between
the two models were detemnined from data not s@wn as approximately
50° and 30° F, respectively. During icing conditimsj however, .
calculations indicate that these differentialswould,be reduced
to the order of 15° to 10° F.

Because the maximum paint effect occumed at the leading edge,
the gradient through the paint coating and the reduced c.ondutiive .
loss in the thermocouple leads were believed to account for most of
the paint,effect and the improved surface mioothness was of lesser
importace. Thermal-ccmductitityvalues for paints are too uncer-
tain to allow calculation of temperature gradients through paint
films for h-rates of heat transfer. The available information,
however, indicates that more-than half of the obsemed temperature
increase with surface painting is due to the thermal gradient in
the paint film and that the balance is caused by local thermocouple
errors inherent in the bare surface-the?mmcoupleinstallation.

These comparisons illustrate that thermocouples attached to
a metal surface and covered with a faired coating of paint or cement
will fndicate temperatures several degrees higher than the exposed

. surface, which, for example, may be undergoing ictng while sde
anti-icing tempe=ties are being indicated. Thus, to insure con-
servative surface-temperatureindication, the bare surface-
thermocouple installationwas employed in this investigaticm,with
me taken that the leads were rolled as fine (0.003 in. thick) as
durability considerationspemitted.

IMannAir Temperature

The local Mnetic, or datum air, temperature ta over the
models in the dry-air investigationswas @ken as -thecqn-t
value indicated by the static-air-temperaturethermocouple at the
tunnel inlet. (All smols used throughout this report are
defined in the appendix.) This simplificationavoids calculation
of adiabatic temperature drops, local velocities, and kinetic-
recovery coefficients. For the range of airspeeds involved, this

. - .—— ——- ---—-—...— — —— . ——.— —— —.— ———...—- .



6 NACA TN 2126

approximationmay entail a maxhmm theoretical error of 3° F. For
an experimental check on the kinetic heatdng effect, the models
were subjected to the maximum air velocity VO of 300 miles per
hour with zero gas flow. The surface thermocouples indicated tem-
peratures within 1° F and the tunnel-inlet thermocouple indikated

10,a~ disagreanent of lT F with the average mcdel-surface tem-

perature. By considering the magnitude of the surface-temperature-
rise differentials that usually resulted in the investigations,this
appro~tion of air temperature was deemed satisfactory for all
cases. .,

The preceding discussion applies equally well to the effective
gas temperatures, as indicated by the gas-temperatureprobes, because
of the relatively lowmaxbnum gas velocity (110mph) and negligible
amounts of radiaticm at the operating tempe-tmes.

. h the few wet-air investigations,the datum air temperature ta
in the spray cloud was determined frcm a calibratim of unheated
model temperatures taken over a range of air velocities, liquid-
water contents, and dry-air temperatures at the tunnel inlet. No
measurements of the tunnel-air htidity were made during the cal-
ibration; consequently,the datum temperatures in the wet-air
investigationswere less reliable than in the dry-air cases.

The trailing-edge sqrface temperatures have not been plotted
in the subsequent figures. The trailing half of each section exhibited
a rapidly decreasing surface temperature,which at the trailing edge
approached the datum air temperature to within a maximum difference
of 35° F (section C, gas flow of 325 lb/hr and air velocity of
102 mph).

.

Conduction Losses

Because of the narrowness of the duct tunnel, thermal oon-
duotion from the heated region of the models to the insulated side
supporlm and the trailing half of the models was suspected of
influencing the temperature indication at the mmiel center lties.
A “no-load” investigationindicated that the losses due to con-
duction into the side walls appreciably affected the snrface-
temperature indication. A thorough calibrationwas not made, huw-
ever, and the indicated values of surface temperature are presented
in the subsequent analysis. The error involved is greatest at the
low air velocities and regions near the midpoint of chord; neither
case is critical to anti-ioing performance.

.



.

NACA TN 2126 7“

“

.

CONDITIONS AND PROCEDURE

The airfoil-surface-temperaturepatterns over each of the
three models were obtained In dry tunnel air at velocities Vo

of 102, 160, 210, and 275 miles per hour, gas-flow rates w of
100 and 325 pounds per hour, d a mean gas temperature ‘g,m ‘f
3700 l?. Surface temperatures were also taken in d~ air at”a veloc-
ity of 300 miles per hour tith,gas flows of 100, 150, 240, and
325 pounds per hour thr?ugh each of the sections and with the same
mean gas temperature. lh order to detemdne the effect of gas tem-
perature, surface temperatures of each section were obtained in dry
air at a velocity of 102 miles per hour for a range of mean gas
tempemitures fkom 125° to 375° l?. The datum air temperature ranged
between 32° and 80°3’.

For the @orementioned conditions md throughout the heat-
transfer analysis and discussion, dry tunnel-air conditions are pre-
sented. Only a few comparisons aremade with wet-air conditions
in the tunnel to @’ford a check on the analysis of anti-icing heat
requirements. Wet-surface temperatures over the three airfoil
sections were taken at tunnel-air velocities of 102 and 275 miles
per hour with gas flows of both 100 and 325 pounds per hour. Wet.
datum air temperatties were obtained between 35° and 63° F.

Seady-state flow was established for each condition by allowing
at least 10 minutes between any significant change in flow or tem-
perature values and the reoording of data. Consistency of the data
Was.good, with reruns of the same conditions agreehg within =
average discrepancy in s~ace temperature of 3° F. The recording
potentiometer was considered accurate to within+2° F.

AIIALYSIS0FRESUEN3

Typical Results

The rise in surface temperature above the datum air tempera-
ture for the three airfoil sections at various flow conditions is
shown in figure 5. Comparisaas maybe made directly among the
following conditions: (a) airfoil sections A, B, and C with the’
same heating and flow conditions in which the increased surface-
heating due to internal fins and partitions is clearly evident;
(b) sec%im C with air velocities of 275 and 102 miles per hour
but with the same gas-flow rate and temperature, illustrating the
magnitude of air-veloclty effect; (c) section B tith gas flows of
325 and 100 pounds per hour and the same air velocity and gas

----- -—–—-—-—————--- -—-----—— —.— .. —.-—— —— -- ——— —-- --—--— ___— .——
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temperature; and (d) section C with dry and wet tunnel air and the
same heating and flow rates. Comparison (d) shows that the airfoil
leading edge in cloud conditions was considerably chilled by evapo-
ration of impinging moisture but the surface became effectively dry
at approdnately 3.5 inches from stagnation and the two surface-
temperature curves very nearly coincided beyond that point.

The surface-temperaturerise at the st~tion point of the
three airfoil sections as a functicm of the gas-teqerature differ-
ential t=,m-ta is shown h figure 6. Data are Presented for seo-

tion C in”~oth dry- and wet-air conditions. This f@re confirms
the expected linear‘relationbetween gas temperature and surface “
temperature, other conditions being constant, and indicates the’con-
sistency and reliability of the installation and the instrumentation
used. The three dry-air exsmples show data points scattered less
that +5 percent from the plotted straight lines. The wet-ati curve
indicates the progressive reduction in surface-temperature,rise for
ticrements of increasing gas-tempefituredifferential, caused by
the dependence of surface-evaporationrate on actual surface
temperatures.

JMfectiveness of Internal Fins and PartitioM

The effectiveness of gas-heated airfoils with internal-fin
modifications in anti-icimg can be measured by comparing, under
the same conditions, a ffnned section with em unfinned sectim
in rem to (a] increased surface heating rates and (b) reduced
heated-gas requirements. With fins, the iqcfease of the surface
heat-transfer rate for a fixed conditim of * and gas flows can
be determined from the surface-temperaturerise above the datum
air temperature ts-ta because in dry air the heat-transfer coef-

ficient is ne=ly ccmstant over the norml r=ge of temperatures.
Thus,

~ = ha(ts-ta) ~ Cl(ts-ta)

shd&IY, ~th f~~ the decrease ~ the rg~u~ed heat omtent
of the internal gas flow for a fixed condition of blade-surface
heat transfer can be determined from the gas-flow rate if the
mean gas temperature is held constant, or

Q1 = -ta) = C2WWcp (tg,m

(1)

(2)

.

.
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Modificatlm effectiveness.- E equation (1) is considered,
a comparison of surface heat transfer between finned and unflnned
airfoil seo%ions oan be expressed by the ratio

(t*-ta)f .qa,f

‘a,u = e z (tS-ta)u
(3)

that may be termed mollificationeffecti-ness. The chordwise veri-
ation of local modification effectiveness, as indioated for the
finned sections B and C, is plotted in figure 7 for various flow
conditions. The inoreased heat transfer through fimned sections

. was marked. W each ease, the improvement was greatest in the
regicm of the stagnation point, the area most oritioal for anti-
icing of gas-hqate~ airfoils. The increase in surface heat trans-
fer, denoted by e, reached a maximum of 3.5 at the leading edge
of section C. The inorease at the stagnation petit was frcm 30 to
80 percent greater than for the average of the whole heated-surface
area. The fin design of sectian C was always more effective in
increasing surface heat transfer than was section B.

hspection of the variables involved in figure 7 shows that
mdifioation effectiveness increased with air velocity, deoreased
with increasing gas flow, and was substantially independent of the
gas-temperaturedifferential tg,m-ta. Accordingly, the mod~i-

cation effectivenesswas investi@md as a function of the exter-
nal to titernal flow ratio v/w and correlated well when plotted
as a funotion of the nondinwnsional mass-velocity ratio gPovo/Gu=Y

(fig. 8). The improvement in surface heat tremsfer due to the addi-
tion of the”internal configurations investigated for secti~s B
and C is also shown in figure 8. .

Relxrbivemodification effectiveness. - Another concept of
modification effectiveness, a comparison of the internal effective
conductance h$3. between modified andunmodified airfoil see-

tions, may also be applied. The effeotive conductance of heat
from the gas stream to internally convoluted airfoil seotions
oannot be easily determined by theoretical means but can be experi-
mentally determined by its ex%ernal effeots. For simplicity, a
negligible temperature gradient is assizmedin the heat-fluw path
across the airfoil skin material in the following equations; in
some oases, however,
will be subsequently

the gradient has an appmoiable effect as
shown:

Qg = hgAg(tg,m-ta)av (4)

. —- .—_ ____ .——-. . .-...———— -—_-—
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.
Also>

% = %,av%(ts-ta)av
.

(5) [
(

J

Assuming no spanwise conducticm aud no chomlwise conduction except
within the heated area gives

Qg=Qa (6)

(7)

or

(U,av%)f(ts-ta)av ~(tg,m-t*) u
(~,a~)u(t~-ta)av, u(tg,m-t~)av,f ‘

.

(8)

g@rthermore, the following equation is given in reference 6 for
fully developed turbulent flow in long tubes:

/“%0”%0”2
= 4.1 x 10

‘8 j
%

(9)

From reference 7, for laminar air flow over plates,

‘a= 0*0562@wP (lo)

for air flow normal to the leading-edge cylinder,

.

.
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and for turbulent flow over plates, ,

.

.

.

ha = 0.524

F$Y*3 @y”’

(12)

From equations (8) and (10) to (lZ), the’exte-1 effective
conductance ~,a#a is seen to be essentially constant between

flcned and unfinned airfoil sections ccmpared at the same flow
conditions. The slight dependence of ha on t~ is unimportant

and is neglected in these calculations. Accordingly, equatim (8)
reduces to .

(h$%+f = ~ ~ (ts-ta)avf(tg,m-ts)avju
.

(h&g)u (t~-ta)av,u(tg,m-ts)av~
Y

(13)

me factor E in equation (13) can thus be deterrdmd as the
surface-averagemodification effectiveness eav multiplied by

the unfinned-to-finned-sectionratio of the gas-to-surface tem-
perature differential. (tg,m-t~) . With the factor E, data

taken at different values of gasa~emperature can be related on a
comn@ basis. The data in figure 8 are replotted h terms of.the
factor E h figure 9. The values of E at the stzqgation petit
were calculated using equaticins(4) to (6) and (13) for petit
values as was done for integrated averages over the heated-surface
area.

The curves for the heated-surface averages in figure 9 approach
constancy with the mass-velocity ratio Y. The variation of E with
“Y is due to the temperature @adient through the metal skin, which
was neglected in the derivation of E. The ~atest variation is in
the curves for the stagnation-petitvalues, resulting from the
Mge leadtig-edgetemperature gradients.

Representative values of the factor E, based on t~ical
operating flgw conditions,may be teken as constants over the flow
ranges to be e~ected. These values are presented in the follcwing
table:

.. —.- ...-—.. —-.—. ..— —~ . . . .. ————. ——— — - . ..— - _ -—. ..— ___ ..—
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I Relative mmlification
effectiveness

Airfoil E
section Heated- Stagrlation~

I surface ] point
average

B 1.6 . 2.4 “
c 2.6 3.7

Gas-flow reduction with intml modifications. - Another
method of comparing the effectiveness of finned and unfinned a~-
foil sections is by the rate of heated-gas flow required. As
shown in equation (2), the gas-flow rate w is a measure of the
heat content of the gas flow based on a constant gas-temperature

‘~erenti~ ‘g,m-ta●
~ figure 10, the average values of heated-

surface temperature rises (ts-ta)av for the three aiz%oil sections

at various rates of gas fluw w are shown. Theme surface-temperature
values are for a constant air velocity of 300 miles per hour and give
a measure of the etiernal-surfacetotal heat transfer, as can be
seen frcm equations (1) and (5). A comparison can therefore be ma&
by determining the gas flow through a finned section wf that will

produce the same average surface-temperaturerise (%-ta)av,f as

results from a given gas flow through an unfinned section Wu. The
ratio of these two flow rates R = ~f/wu till thus express the

reduction in gas heat% required for a given airfoil-surface total
heat transfer when Internal fins - partitions =e added to an
airfoil section. This gae-flow ratio
of figure 10 to be ~ly independent
flow rates. Representative values of
the flow conditions investigated,may
for sections B and C, respectively.

As discussed in reference 1, the

R was found firm the data
of the absoltitevalue of gas-
the ratio R, indicative of “
be selected as 0.36 and 0.14

gas-flow m%tio R canbe
theoretically approximated by the equation

(14)

By substitutingvalues from table I, the flow ratio frczu
equation (14) becanes 0.28 for section B and 0.18 for sectim C.
The representative ewerhental value of R satisfactorily agrees
with the theoretical value for section C but disagrees for sectim B

.

$
N
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. because the relatively thin and long fins of this “sectionoperate
inefficiently. DI deriv@ equation (14), the assumption is made

o that the airfoil titernal heat-trans’ferarea AR is determined by
P
n) the gas-passa& perimeter P measured around tie fins. Uhless the

e fins are very effective, the term Ag,f becomes too large and

results in flow-ratio values that are too small. According to
reference 8, the fin length ~ (measuredfrom root to tip) becomm ‘

untipotiant in Uni$onn-thickess fins for values of the term

2h&2/ti larger than 4.0. The lowest value of this termappli-

cable to section B is approximately 12; therefore, equation (14)
does not apply to section B.

.

.

An unfinned-airfoil segment required to deliver heat to the
external surface at a rate sufficient for anti-icing could have its
inte-i’nalgas flow reduced by approximately 64 and 86 percent, respec-
tively, when internallymodified similar to sections B and C and when
the total heat transfer throughout the heated-surface are= is can-
‘stant. The corresponding increases in gas-t~perature drop through
the segments would be the reciprocal of R, or 2.8 and 7.1 times
the Mimed value.

&dySiS of Flow Conditions

The previously developed factors E, .e, and R do not my
greatly with the mass-velocity ratio Y. Thus, the factors appear
to be unique with the internal gas-passage design and have only
slight dependence on specific flow conditions. Additional knowledge
of the @s- and air-flow properties, however, is of interest because
basic gas-heated airfoil desigas,depend on the absolute values of
the internal =d extezmal heat-transfer coefficients,whi”chin turn .
vary considerablywith conditions of the flows.

Internal @ s flow. - lh considering the gas $1ow, equations (7)
and (9) for constant air velocity and gas temperaturemay be
rewritten as ‘

.

or

(ts-ta)av
hg = C3 = C4WO”8

(tg,m-ts)av

.

(ts-ta)av
;W0.8= (=5

. (tg,m-ts)
a~

(15)

(16)

. . ..—. ...—..-—. — --— --—_.. _—.- _. _ —— - -.— - .——.-..——— -
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14 ILACATN 2126

and.

(t*-Qav
log = 0.8 logw - log C5

(tg,m-tJ
a-v

0

(17)
l-l
cc
N
i-l

The exponent of w in equation (9) is the slope of the straight
line of equation (17). The data of figure 10 are plotted 3n fig-
ure 11 as the variation of (*s-ta)a#(tg,m-t8 )aT Wth W (XI
logarithmic coordinates,where the gas-flow exponents appear as
the slopes of the lines. The gas-fluw exponent is found to be
approximately 0.4 rather than 0.8. The exponent 0.8 of equation(9)
is the established value for the heating of gases in fully devel-
oped turbulent flow in long tubes with no appreciable discon-
thuity in shape, temperature, or heat transfer. This disagree-
ment illustrates the ma@xltude of the possible discre~cies
between idealized conditions w practical hstallations.

The installation used in this investigationwas occasioned
by the cool- of gas in short irregular passages with sizable
variations in temperature @ heat tmnsfer. These irregularities
also exist in full-scale gas-heated airfoils, h addition to other
po”ssibleeffects due to airfoil rotation, forei~ ~icles, and
SO forth. The longer len@ or span of most gas-heated airfoils in
use allows more fully developed gas flowt@n is possible in the pre-
sent installation;however, regions near the entrance to internal “
flow or any protruding webs, lap joints, fins, stiffeners, bulk-
heads, partitions, and orifices may all be expected to deviate
from the theoretical conditions and equations.

The distance frcm the point of heat-transfer measurement to
the pipe-flow entrance or the merest upstream shape discontfiuity
has a very important bearing on the local heat-tmansfer coefficient.
Data presented in reference 9 show that a change in the enlmance
length or the LA ratio from 10 to 1 is occasioned by an increase

in the heat-transfer coefficient of approdnately 2.1 in the ~
p~pe-f-lowregime, where hgcc&/3. S3milar but unpredictable effects

are shown in the transitim region (Repo~s tier ‘2100)” ~eri-
ments reported in reference 10 at Reynolds nunibersfrom approxh&ely
26,000 to 56,000 showed that local heat-transfer coefficients vary
up to 4.0 tties the values at fully developed turbulent flow
(L&~15) and that the peak increase in heat transfer occurred
between L/~ = O and L/~ = 3. These results were obtained with

.

.
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entrance sections having 45° and 90° bends, sharp-edge openings
and sharp edges with short calming sections.and upstream orifices.
These entrance configurations are similar to those used in$he pre-
sent installation. Similar increases in the gas heat-transfer
coefficient at points near the flow entrance are repotied in ref-
erence 11 in which the coefficient at entrance is from 1.6 to
2.6 times the downstrea stabilized value. These results were ‘
obtained from heat-transfer investigations of vwious lengths of
electrical.lyheated metal plates placed ~llel to an air strem.

FYom the references cited, “itap@&rs that the fully developed
turbulent value of hg determined from equation (9) should be

increased in the order of 2 to 2.5 times to satisfy the gas-flow
conditions in the models investigated. Ihrthezmae, the range
of Reynolds number investigated with sections A, B, emd C lies
pertly in the transition region and partly h the idealized
turlnilentregion. Thus, the varianoe of hg with Woo*, as

indicated in figure I-1.,appears feasible because: (a) The expo-
nent of w is between the 0.33 power for laminar flow ail the
0.8 power for turbulent flow; and (b) cooling a boundary layer
tends to stabilize the flow and delay transition.

External air flow. - The nature of the external air flow may
be determined in a manner qimilm to that for the gas flow. For
constant gas flow, gas temperature, and external air density,
equations (7) and (10) to (12)may be combined to give

(tgtm-ts)av= ~7v(0.5 or 0.8)
~=C6 , . .

(ts-ta)av

or

(tg,m-ts)av =
log

(ts-ta)av

Thus, the slope of equation

(0.5

(19)

(18)

Or 0.8) 10g V - 10g G8 (19)

represents the air-velocity expo-
nentl. me variation of (tg,m-ta)a~(ta-ta)av ~th To IS sh-~

on logarithmic coordinates in figure 12 for a gas flow of 325 pounds
per hour =d a mean gas temperature of 370° F. The velocity expo-
nent for the three sections indicates that the air-flow boundary
layer was turbulent over a gre~. etient of the heated surface. The

/
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“ e~d location of the transition ftmm leminar to turbulent flow
vas not msasured and oannot “hefound because the exaot 100al
internal heat-transfer coefficient is unknown. The ratio of tur-
bulent ~ to lemhar ~ was coincidentally of the seineorder
of magnitude as the indioated increase in the hg value oapsed
by pipe-flow entranoe irre~ities.

Heat Tremfer in Fimned Leading.Edge

The uhordwise distribution of t~erature and heat transfer “
in the leading-edgeregion of finned airfoil section C has been
detmmined for the fol.lmrlngconditions: gas flow, 325 pouuds per
hour; tunnel-air velooity, 275 miles per hour; and gas-temperature
differential,314° F. The temperature gradient through the tapered
fti waa found fram a series of imremental heat-transmission cal-
culations begimxbg at the known fin-tip tempe~ture and by uti-
lizing the tidioated gas-temperature profile as well as the theo-
retical gas-film heat-transfer coefficient. The relaxation method
presented ti refemmce 12 was used for the fore part of seotion C
to obtain the isotherms shown in figure 13. The etiernal air heat-
transfer coefficient detemnined from the development In fi~e ~
a@eed approximatelywith the theoretical ~ (equations (10) and

(11)). The heat-flou channels illustrate how the lea&g-edge fins

increase the heat transfer and tanperature at the critioal stag-
nation region. Half of the heat flow in the tapered fins
dtieoted into the first 3/8 inch of the airfoil surface.

is ‘

Anti- Icing Evaluation of JL5MO11 Sections

Airfoil surfaoe-temperaturerises in icing conditions may be
evaluated from heat-transfer data obtained from dry-air measure-
ments. A general comparative equation is

‘%,8&)~(tE3-ta)~(h&g)I (tfr,~-ts) ~

(hgAg)=(tg,m‘ts)ll-= (~,~)fi(ts-ta)=
(20)

or, for”canparing different a&foils with the same internal gas
fluw =d etie= heated area,

,.

.

(21)

.

.—

.
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Means of determining surface-temperature

17

rise and heat traus-
fer for a finned airfoil f&om the lmown or estimated surface-
temperature perfomauce of an unfinned airfoil in either wet- or
dry-air flow =e givsn in equation (21). For the specific con-
ditions involved, the factor E is taken tiomfigurs 9 when inter-
nal fins md partitions similw to those of sections B hnd C are
used.and %eccmes unity if no chmge in internal-passagedesign is
involved between conditions I and IX. The term ~,e is the effec-

tive external heat-transfer coefficlsnt that is approximated in
anti-icing conditions by

where

‘( )=~+Pv s-Pv a 0*622 ~
x

t8 -ta pc
P

and ~ is the latent heat of vaporization of water (Btu/lb).
By assuming straight-line impihgment

M= &vo BiTl+
.

(22)

(23)

(24)

h dry-air flow ~,e = ~ and if conditions I and II are both

at the sane flight conditions, the term (~, e)l/(~,e)H will

become unity. ~ wet aim is involved, equatiun (21) must be solved
by a trial-and-errormethod lecause of the dependence of X on ts.

By refeming to figure 5,a@ equation (21), a.check can be made
between the-stagnation-pointtemperature rises of section C for wst
air (conditionII) and of section A for dry air (condition I) as
follows:

(Q@f)= (tg,m-%+
(tS-ta)I = 38 s ~ (ts-ta)~ ~ ~(tg,m-ts)ll

9

= & ’28)L21(4.1) + lld(370-92~ = 37.20 ~

121 (370-89)

Good agreement is shown between &e indicated and calculated tem-
perattie rises.

.

_—. . -.. .. ——-- —— —-.—— -.—— _~ — . ..-— ——
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‘Jlhesurface-temperaturerise of 28° F above a wet datum air
temperature of 61° F (conditionII of preceding calculation) may
be used to detemnine the surface-temperaturerise above a wet
datum air temperature of 0° F for the same flow and heating con-
ditions. Substitution of equation (22) in equation (21) and the
trial assumption that ta = 57° F gives ● .

(ta-ta) (t o)= 57Z28 ~21(4.1) + ~d (370-57) = 57e30 F

a= ~21(1.78) ‘+11~ (370-89) ,

Thus, the resulting stagnation surface-temperaturerise above wet
air at 0° ~ is 57.3/28 or 2.04 t3mes as much as the rise above
61°F Wet air.

The rate of surface
investigated is shown in
tempemdmre rise and the

heat transfer from the three sections
figure 14 where the product of surface-
extezmal lsminar heat-transfer coeffi-

cient is plotted in Btu per hour per square foot and in watts
per square inch. The local heattig rate of the two finned sec-
tions is quite high, especially at the leading edge. The sur-
face heat-trsmsfer rates over the lead@-edge stagnation regions
were approximately as follows:

A
B

c

10

17
27

Under these heating intsmsities and according to previous calcu-
lations, ftied section C appears able
most severe icing conditions.

to prevent Icing in the

By using the factors, R, E, and e, which are fairly con-
stant over the range of heating and flow conditions investigated, a
se~nt-hy-se-t design of = titernally ftied W partitioned
airfoil may he made, based on perfcmmance data of an unfinned gas-
heated airfoil or on an -ysis similar to that presented in ref-
erence 1. An efficient anti-icing design should thenle possible

o

1
1

1

.—c. . .—. —. ——— —
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because of the large improvement at the critical leading-edge region
and in the ability of the fins and psz’titionsto extract more of the
heat frcm the gas stream. The number and the size o? the fins, as
well as the extent of flow partitioning, should be carefully con-
trolled along the gas-stream path in order to balauce the drop in
gas temperature yjth the external heat requirements and to provide
the optimm ohordal md spanwise surface-tem~eraturedistributicm.

3hm data of referenoe 13, calculationswere made to indicate
that the effect of one fin attached to the leading edge of sec-
tions B and C was somewhat more t~hal.f
tigations with two fins per section. The
with increasingnmiber of fins im a given
ally levels off to amaximm beyond which
with additional fins. The fin spacing in

as great as in the inves-
increased heat transfer
heated gas passage gradu-
less heat is transfemed
this investigation, how-

ever, is considerablywider than is required for attaining the point
of maximum heat transfer.

For sections B and C, the heat addition due to the intern&1
fins is confined to the leading-edge region of the airfoils, whereas
the enlarged partition generally causes increased heat transfer over
the entire heated surface. Thus, the sheet-metal fins of section B
would probably prove satisfactory for anti-icing desigas when com-
bined with reduoed gas-flow passage areas that provide a general
increase in the level of surface heating.

Several possibilities exist for the matching of local surface
heat-transfer rates with local anti-icing heat requirements ad me
involve”’.in the design selection-of

1.

2.

3.

4.

5.

6.

7.

8.

Fin number

Fin length

Fin thiclmess

Fin material

Fin location and continuity

@s-flow-passage area

Gas-flow-@ition location

Gas-flow-entrance condition

.-. -. -—.- .—.- — .—...—.—— - —. -.—e -—-——- — —-- ———-- —----
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E localized overheating and undereating of typical gas-heated air-
foils (ccmparedto the optimum anti-icing surfaoe temperature of
32° l?),such a~ the hollow propeller blades repwkd in references 1
to 5, are to be avoided, a cemeful consideration of all the design
items listed should be made and incorporated into the primary airfoil
fabricatim.

SUMMARY ol?REsmfL’s

Wom an investigation of three gas-heated-airfoils,one hollow
and twomdified with titernal fins and xitions fw impruwlng
anti-icing heat-trsmsfer c~cteristics, the folluwing results were
obtained:

1. The local surface-heating rate for ice Preven*i~ on@s-
heated airfoils was increased up to 3.5 times by the addition of
metal fins attached at the leading edge of the internal gas passage,
which was also reduced in area.

2. The surface-heating increase in dry-air flow was frcxu30 to
80 percent greater at the stcqgmtion point than for the average over
the entire heated area of the airfoil sections investigated. The
greatest increase in surface heating was obtained with relatively
thick tapered fins and with a gas-passage restrict.@g partition.

3. Over the range of air .@ndgas flows investigated, the
‘ relative modification effectiveness, defined as the ratio of titer-

nal effective conductancebetween the modified and unmodified air-
foil sections, was approximately as follows:

Airfo91 section

Constant thickmess
fins, center parti-
tion

Tapered fins,
reduced gas-flow
passage

Relative modification
effectiveness”

I-1
co
N
1+

,

.

-ace “ mti~Heated-
point

average

1.6 2.4

.

2.6 3.7

.

— — —-
,’
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4. Rates & hot-gas fluw through the original unfinned airfoil
section were reduced approxhately 64 and 86 percent by the addition
of constant-thic~ess or tapered fins, respectively, when the total
heat transfer through the heated-surface area was constant.

5. At a gas flc& of 325 pounds per hour, a gas-temperature
differential of 310° F, and an air velocity of 275 miles per hour,
the magnitude of surface heat transfer in the stagnation regions
was appro~tely as follows:

Rate of surface heat
transfer in stagnation

Airfoil section re ion,

7(watts Sq in.)

@modified . 10

Constant-thiclmessfinned 17

Tapered finned 27

.
For the tapered-finned section, this heating rate represented a
surface-temperaturerise in severe icing conditions of approxi-
mately 57° F above a wet datum-air temperature of 0° F,

6. For the flow, heating, smd ioing conditions presented in
the previous paragraph, the temperature drop through a O.OIO-inch-
thick surface paint coatin$ on the leading edge of the Unftied
section was calculated to range frcm 10° to 15° F.

7. Fins and partitions in the flow passage of gas-heated air-
foils had multiple effects in increasing the local surface heat-
transfer rates and in creating desi~ variables that permit
more effective control over the”chordal and spsmwise distribution
of heat flow.

Iewis Flight Propulsion Laboratory,
National A&isory Ccmmlttee for Aeronautics,

Cleveland, Ohio, July 7, 1949.

.

.
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Ju?mmIx - SYMBO19

The follmrtng sy@ols are used in this repoti: .

A

%

cl, C2, ● . ●

c

%

Cw

Dc

“%

a

E

e

G

$

h

k

heat-transfer area, sq ft

cross-sectionalarea of interual flow paswj sq N

constant quantities

chord, in.
.

specific heat of gas at constant pressure, Btu/(lb)(%) ‘

s-peoificheat of liquid water, 1 Mu/(lb)( OF’)

diameter of cylhder, surface of which approximates
leading-edge region of given airfoil section, ft

hydraulic diameter, 4A#, ft

metal thickness measured normal to assumed heat
conduction, in.

(h&g)f
relative modificaticm effectiveness, —

(h&g)u
(t~-ta)f (tg,m-ts)~

—~ other conditions being constant
= (ta-ta)u(tg,m-tS)f

mcaificati&

Conditions

gas flow per

acceleration

~,f (ts-ta)f other
effectivenesay

%,. = ~
being cmnstent

unit area, w/360QAp, lb/(sec)(sq f%)

of gravity, ft/sec2

cO~eCtiVe heat-’tramfer coefficient,

Btu/(W) (sq N) (~)

thermal conductivity,Btu/(hr)(SCIf%)(%/in. )

.

———— —
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L

%

M

m

F’

P

P~

Q

QI

~

~’

R

s

s

T

t

-v

T

w

x

23

length of gas travel from entrance of flow system,
ft

length of fti from root to tip, in.

rate of interception of water, lb/(hr)(sq ft)
.

liquid-water content of ambient air, gm/cu m

perimeter of internal-flow passage, ft

absolute static pressure, lb/sq ft

pressure of saturated

heat transfer, Btu/hr

sensible heat content

rate of heat transfer,

water va~or, lb/sq ft

of internal gas flow, Btu/hr

Btu/(hr)(sqft)

rate of heat transfer, watts/sq in. ‘

gas-fluw ratio, ~flwu> for tich (ts-ta)f,av
equals (tS-tli)u,a~ correspond@ to wu, other
conditions being constant

surface distance from stagnation point in chordwise
direction, ft

surface distance from stagnation point in chordwise
direction, in.

ab&olute temperature, %

temperature, %

tunnel-air velocity, mph

tunnel-air velocity, ft/sec’

rate of internal gas flow, lb/br

Hardy’s evaporation factor

—...—..—-— —— ._. _ _____ .._ _____..____ . . ————-.—— . _____ —.. = _—_—.
,:



24

.

NACA TN 2126

x

T

Y

P

Q

Subscripts:

o

I, II

a

av

b

e

f

$

m

e

u

distance trom leading edge measured along chord, in.

mass:velocity ratio, gPovo/Gu

distance measured normal to chord line, in.

density, (lb)(sec2)/ft4

center angle of leading-edge cylinder between stag-
nation point and point on cylinder surface, deg

angle of impingement of water droplet on airfoil
surface, deg

smbient atmospheric conditions

q spectiic sets of conditiom

etiernal air conditions

average over heated etient of airfoil section

point h airfoil material

effective

finned airfoil section or fin

titernal gas conditions ,

me= value in gaa stream between inlet and outlet
stations

extezmal airfoil surface

unfinned airfoil section
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, TABLE I - DIMENSIONS OF

b e of attack,

NACA 0012 Am?oIL SECTIONS

O deg; chord 10 ti~

v

Dimensim

Skin thiokness(except leading
edge), h.

Skin thiclmess ~leadMg edge), in.
Leading-edge cyltier diameter, in
Span of section, tie
Gas-passage area, sq. h.
Passage perimeter, in.
Insulated length of perimeter, h.
Zength of fins, in.
Thiclmess of fins, in.
Maximm chordal thickness of

insulated partition, b.

Section A

0.12
.62
.40

1.87
3.14
8.82
.82

1

ection B

0.12
.62
.40

1.87
2.82
18.82

.82
2.50
.06

1

0.12
.62
.40

1.87
1.70
16.34
1.94
2.25

.02 to .25

2.25

—. .——. — -–——-— ~ .. —- ———— — ----———-———--—
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Figure 1. - hstallation of gas-heatedairfoil seotionin 2- by 20-inohduet tmnel.
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Figure 4. - Ohordwise distribution of surface-temperature rike for
bare and painted airfoil section A under two flow conditions.
Mean gas temperature, 370° F.

.—— ..- .- . . .—. -. .-



#

34 NACA TN 2126
.

H
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(a) Section B. Gas flow, 325
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(b) Section C. Gas flow, 325 pounds per hour; mean gas

temperature, 370° F.

Section Gas-temperature
differential,

2

1
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(c) Sections B and C. Gas flow, 325 pounds per hour;
tunnel-air velocity, 102 miles per hour.

Figure 7. - Ohordwlse variations of modification effectiveness
for seetions B and C.
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(d) Section B. Gas flow, 100 pounds per hour; mean gas
temperature, 3’70°F.
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S&face distance per chord, s/c

(e) Section Ce Gas flow, 100 pounds per hour; mean gas .
temperature, 370° F.

Figure 7. - Continued. ,Chordwisevariations of mmiifioation
effectiveness for sections B and C.

-—.. — .— ..-—-. ———.—..,. —— — ..- — ———.—- ——–--–—— -



NACA TN 2126

a)

.

.

.

3

(

2

>

1

0
(f) Section B. Tunnel-air velocity, 300 miles per hour;

mesn gas temperature, 370° F. .
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Figure 7. - Concluded. Ohordwise variations of modification
effectiveness for

.
sections B and C.
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Figure 8. - Mtiificatfon effectiveness as function of mass-velocity
ratio. Mean gas temperature, 370 oF.
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Figure 9. - Relative modification effeutivem,ss as funotlon of mass.
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Figure 10. - Average heated-surface temperature rise aa function of gas
flow. Tunnel-air velocity, 300 miles per hour; mean gas temperature,
370° F.
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Figure 11. - Temperature ratio as function of gas flow.

Tunnel-air velocity, 300 miles per hour; mean gas
temperature, 370° F.
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Figure 12. - Temperature ratio as function of tunnel-air
velocity. Gas flow, 325 pounds per hour; mean gas tem-
perature, 370° F.
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